Among active galactic nuclei, BL Lac objects show extreme properties that have been interpreted as the effect of relativistic beaming on the emission from a plasma jet oriented close to the line of sight. The Doppler amplification of the jet emission makes them ideal targets for studying jet physics. In particular, low-power BL Lacs (LPBL) are very interesting because they probe the jet formation and emission processes at the lowest levels of accretion. However, they are difficult to identify since their emission is swamped by the radiation from the host galaxy in most observing bands. In this paper we propose a new LPBL selection method based on the mid-infrared emission, in addition to the traditional optical indices. We considered the radio-selected sample of Best & Heckman (2012 , MNRAS, 421, 1569 and cross-matched it with the WISE all-sky survey. In a new diagnostic plane including the W2−W3 color and the Dn(4000) index, LPBL are located in a region scarcely populated by other sources. By filtering objects with small emission line equivalent width, we isolated 36 LPBL candidates up to redshift 0.15. Their radio luminosity at 1.4 GHz spans the range log L r = 39.2-41.5 [erg s
Introduction
BL Lac objects (BL Lacs), together with flat-spectrum radio quasars (FSRQs), form a class of active galactic nuclei (AGNs) known as "blazars". Like the other radio-loud AGNs, they are thought to be powered by a central supermassive black hole, surrounded by an accretion disk. Two plasma jets are ejected in the direction orthogonal to the disk. Among radio-loud AGNs, blazars show extreme properties, such as strong flux variability on the whole electromagnetic spectrum even on intra-day time scales (Wagner et al. 1996) , variable optical and radio polarization (Aller et al. 1996; Smith 1996) , and apparent superluminal motion of radio components (Kellermann et al. 2004) . The explanation of this observing evidence requires that one of the relativistic plasma jets be closely aligned with the line of sight, causing Doppler beaming of the jet emission (Urry & Padovani 1995) . This makes blazars the ideal candidates for studying the physics of AGN jets. In particular, the least luminous blazars are extremely interesting because they can probe the jet formation and emission processes at the lowest levels of accretion.
The classical distinction between BL Lacs and FSRQs is based on the strength of the emission lines in the optical spectrum, with BL Lacs being identified by rest-frame equivalent widths (EW) less than 5 Å . The blazar spectral energy distribution (SED) is dominated by the non-thermal emission from the jet. It shows two bumps: the low-energy one (from radio to UV-X-rays) is due to synchrotron radiation, while the high-energy bump (X-and γ-rays) is probably due to an inverse-Compton process off the same relativistic electrons that produce the synchrotron photons (Konigl 1981) . Depending on the frequency of the synchrotron peak ν p in the SED, BL Lacs have been divided into low-, intermediate-, and high-energy synchrotron peaked BL Lacs. The objects of the first class (named LBL or LSP) have ν p < 10 14 Hz. For those of the second class (IBL or ISP) 10 14 < ν p < 10 15 Hz, and for objects of the third class (HBL or HSP), ν p > 10 15 Hz (Abdo et al. 2010) . It has been claimed that blazar SEDs follow a "blazar sequence" (Fossati et al. 1998; Donato et al. 2001) , linking the SEDs of FSRQs at the highest synchrotron peak luminosities L p and lowest ν p to the SEDs of LBL, IBL, and finally HBL, when progressively decreasing L p while increasing ν p . This view has been criticized, for example, by Giommi et al. (2012a) , who underline the selection effects of flux-limited surveys and lack of redshift determination for the likely high-L p -high-ν p sources.
The difficulty of finding low-luminosity BL Lacs comes from the dilution of the jet component by the host-galaxy emission in the optical and near-IR bands, as well as from the flux limit of the available surveys. As a result, their radio luminosity function (RLF) is only determined above log L r ∼ 40.5 [erg s
−1 ] (e.g., Wolter et al. 1994; Padovani et al. 2007 ). The analysis of Marchã & Caccianiga (2013) reaches lower luminosities when also including "Type 0" and weak-lined radio galaxies. Our aim is to find a substantial number of LPBL and to build their RLF down to a poorly studied regime of radio power. This paper is organized as follows. In Sect. 2 we present a new selection method for identifying BL Lacs that involves both optical and MIR properties. This leads to singling out 36 BL Lac candidates with redshift z ≤ 0.15 and radio luminosities in the range log L r ∼ 39 to 42 [ erg s
−1 ] in Sect. 3. The various sources of incompleteness in our sample are considered in Sects. 4 and 5, while the resulting BL Lac RLF is derived and also discussed in the framework of the AGN unification scheme in Sect. 6. After a summary, our conclusions are drawn in Sect. 7.
Throughout the paper we adopt a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.29, and Ω Λ = 0.71. When we speak of radio luminosities L r , we mean ν r l r , where the monochromatic Fig. 1 . Left. Relation between the Dn(4000) index and the W2−W3 color measured from the sample of 21 065 bright nearby galaxies (see text for the selection criteria). For each bin in W2−W3, the large black dots denote the mean value and dispersion of the best Gaussian fit to the Dn(4000) distributions. Each spectroscopic class is highlighted with a color: red for lineless galaxies, black for LINERs, green for Seyferts, and blue for star-forming galaxies. The solid line represents the result of a toy model where a fixed fraction of a blue light component of increasing strength is reprocessed into MIR radiation. Right. Simulated Dn(4000) versus W2−W3 tracks obtained by adding a power-law component of increasing strength with a spectral index increasing from 0 (green) to 1 (cyan) with a step of 0.25 to the SED of a quiescent galaxy. Within each track we label the ratios of 0, 0.1, 0.3, 1, 3, and 10 between the jet and galactic components. The black lines trace the iso-density contours of the distribution shown in the left panel; the red lines show the iso-densities contours for the objects with all lines rest frame EW < 5 Å. luminosity l r is measured at ν r = 1.4 GHz. Moreover, we distinguish between radio luminosities in cgs units, L r , and those in MKS units, P r .
The selection method
As mentioned, the peculiarity of BL Lacs is their non-thermal emission from a relativistic jet seen at a small angle with respect to the line of sight. As a consequence, their optical spectrum is either featureless or only presents emission lines of small EW. This is because lines (when present) are isotropic, while the jet emission is highly beamed. Similarly, the jet dilutes the stellar absorption features. BL Lacs have been historically selected by setting a limit of 5 Å to the rest-frame EW of any emission line . Alternatively, they have been recognized as objects with low Dn(4000) index 1 . The Dn(4000) limit was set to 1.33 by Stocke et al. (1991) , then later relaxed to 1.67 by Marcha et al. (1996) and Plotkin et al. (2010) .
2 Nevertheless, passive elliptical galaxies have Dn(4000)∼2 (see below), so that we can expect that the Dn(4000) constraint can be further relaxed to find LPBL (see also Marchã & Caccianiga 2013) .
We propose to loosen the Dn(4000) limit but to include a further selection tool based on the mid-infrared emission (MIR). In fact, in active galaxies the MIR is also an isotropic quantity, owing to the reprocessing of (mainly) UV photons from the interstellar dust, while in BL Lacs it also receives a non-thermal contribution from the jet that alters the overall SED shape. As 1 Defined according to Balogh et al. (1999) as the ratio between the flux density measured on the "red" side of the Ca II break (4000-4100 Å) and that on the "blue" side (3850-3950 Å).
2 Various authors use different definitions of the Ca II break strength. Our parameterization is related to those found in the literature as Dn(4000) = 1/(1 − C) (Landt et al. 2002). we discuss in detail below, the resulting MIR properties enable us to separate BL Lacs from other classes of active galaxies.
The WISE satellite provides us with an all-sky survey in the four bands W1, W2, W3, and W4, which are centered at 3.4, 4.6, 12, and 22 µm, respectively (Wright et al. 2010) . The best-suited color for our purposes is obtained from the W2 and W3 bands, because it has high wavelength leverage and level of completeness.
Before we can proceed to use the MIR observations for the BL Lacs selection, we must explore the relationship between the optical and MIR properties of galaxies in general. For this purpose, we consider the 927 552 SDSS DR 7 spectra of the 818 333 galaxies (MPA-JHU sample hereafter) in the value-added spectroscopic catalogs produced by the group from the Max Planck Institute for Astrophysics, and The Johns Hopkins University, and available at http://www.mpa-garching.mpg.de/SDSS/ (Brinchmann et al. 2004; Tremonti et al. 2004) .
Our aim is to detect the faintest BL Lacs, so we started to analyze galaxies up to z = 0.1 and considered only massive objects, since they are the typical BL Lac hosts. We then filtered objects with high-quality data with the following criteria: i) redshift z ≤ 0.1, ii) error on Dn(4000) < 0.02, iii) signal-to-noise (S/N) in both W2 and W3 bands > 10, iv) stellar velocity dispersion > 100 km s −1 .
In Fig. 1 (left panel) we compare the W2−W3 color with the Dn(4000) index for the 21 065 selected galaxies. The presence of a clear sequence emerges, with the Dn(4000) value decreasing with increasing W2−W3. In each W2−W3 bin, we estimated the mean value and dispersion of the best Gaussian fit to the Dn(4000) distribution.
Taking advantage of the SDSS spectra, we can consider the various classes of galaxies separately. They are located in different areas of this diagram: the passive galaxies are clustered at Fig. 2 . Left. Relation between the Dn(4000) and Hδ indices from the SDSS subsample of 21 065 galaxies. For each bin in Dn(4000), the black dots indicate the mean value and dispersion of the best Gaussian fit to the Hδ distribution. Right. Hδ versus Dn(4000) for the outliers of the Dn(4000) versus W2−W3 relation (black dots). The red dots label, for each bin in Dn(4000), the mean value and dispersion of the best Gaussian fit to the Hδ distribution for the overall SDSS galaxies population. The straight blue line is the expected locus of BL Lacs, obtained by varying the ratio between jet and galactic emission (see text for details).
the top left, with Dn(4000) ∼ 2 and W2−W3 ∼ 0.5. Proceeding toward the opposite corner of the diagram we find LINERs, most of them having Dn(4000) ∼ 1.5-2.0 and 1 < W2−W3 < 3, and then Seyfert galaxies with Dn(4000) ∼ 1.5 and 3 < W2−W3 < 4. In the bottom right hand corner, we find star-forming galaxies, with low Dn(4000) values (∼ 1.2-1.3) and large excesses in the W3 band. Therefore, all spectroscopic classes of galaxies follow the same overall sequence possibly because, regardless of the origin of the blue/UV light, the same mechanism of reprocessing into the MIR is operating.
To support this interpretation further we built a very simple model. We added a growing contribution of blue light to the SED of a passive galaxy and adopted a constant reprocessing efficiency into MIR emission. The track obtained is shown in Fig.  1 (left panel) and follows the central values of the distributions remarkably well.
It is important to note that the same sequence is followed by the objects with low values of the emission lines EW, the sources among which we expect, in principle, to find BL Lacs. By setting a limit to the lines rest frame of EW < 5 Å, we obtain the red contours overplotted in Fig. 1 . The distribution of this subsample follows that of the general galaxies population closely up to W2−W3 ∼ 3. The low EW objects only avoid the region of largest mid-infrared colors, which are typical of star-forming galaxies.
We can now explore the expected behavior of BL Lac objects in the same diagram. This was simulated by adding to the SED of a quiescent galaxy a jet component F jet . For the quiescent galaxy we use a Dn(4000)=1.98 and W2−W3=0.5, i.e. the coordinates of the upper left average point in Fig. 1 , while for the jet component we adopt a power-law spectral shape in the MIR-optical frequency range of the form F jet = F 0 ν −α . When F jet increases, the W2−W3 color grows, owing to the larger relative contribution of F jet in the W3 band than in the W2 band with respect to the galactic emission. At the same time, an excess of blue light emerges, thus reducing the Dn(4000) index (see Fig.  1 , right panel). Depending on the value of α, the expected locus of BL Lacs varies. The curves obtained with different values of α can be overplotted onto the relation between W2−W3 and Dn(4000) obtained above. All the simulated tracks are steeper than the phenomenological trend traced by the sample considered above. As a result, the expected BL Lac tracks exit the region where the SDSS galaxies are located. The transition into the "forbidden zone" occurs at Dn(4000) ∼ 1.8 for the flatter BL Lac SED and at lower values for softer SEDs. The visual inspection of broad-band SEDs of various classes of BL Lacs (e.g., Giommi et al. 2012b; Raiteri et al. 2014) indicates that an optical-to-MIR index α ∼ 0.5 is typical of HBL, while α ∼ 1 can be associated to LBL.
In other words, the presence of a BL Lac nucleus produces a substantial excess of blue light that corresponds to a smaller MIR excess than in the case of active or star-forming galaxies. We conclude that this diagnostic plane can be used to isolate BL Lac objects.
Outliers in the Dn(4000) versus W2−W3 plane
Although SDSS galaxies define a clear locus in the Dn(4000) versus W2−W3 plane, several outliers are present in the region where we expect to find BL Lacs. These objects thus deserve further investigation in order to ensure the purity of the sample. We then individually consider the 112 objects (representing only 0.5% of the 21 065 selected galaxies) lying below the average Dn(4000) versus W2−W3 relation by more than 3σ. In nine cases a bright star is located close to the galaxy's center and is covered by the SDSS aperture; this causes the reduced Dn(4000) value. In 11 objects we are dealing with clear misidentifications, since they are all high-redshift QSOs (z = 1.5-2.3).
There are still 92 objects. When looking at their SDSS spectra, it emerges that most of them have a pronounced absorption corresponding to the Balmer lines. These objects are often referred to as E+A galaxies (Goto et al. 2003) . The presence of the A stars produces a substantial contribution in the 4000 Å spectral region, leading to low Dn(4000) values. The lack of the corresponding increase in the WISE color is due to the spectral shape of the A stars, with a sharp drop below the Balmer break. The paucity of UV photons, which are most effectively absorbed by dust and are consequently the dominant mechanism of dust Fig. 1 . The blue line is a polynomial fit to the 1-σ limit of this relationship. Gray dots represent the sources in the BH12-A sample with z ≤ 0.1 and S/N> 2 in the W2 and W3 bands. Red dots highlight the objects with rest-frame emission line EW< 5 Å and a FIRST central counterpart. Red dots circled in black are the nine BL Lacs candidates, i.e. those sources with Dn(4000) < 1.735 (shown by the horizontal dashed line) that meet the additional constraint on the Hδ index (see Fig. 4 ). The boundaries of the "forbidden" zone and 'wedge" region are highlighted with a green and a cyan line, respectively.
heating, accounts for the reduced MIR emission. Nonetheless, such sources can be easily recognized by measuring their Hδ index (Worthey & Ottaviani 1997) .
In Fig. 2 (left panel) we show the relation between the Dn(4000) and Hδ indices for the same sample of SDSS galaxies as used above. The Hδ index monotonously decreases with increasing Dn(4000).
In Fig. 2 (right panel), we plot the 92 objects located in the "forbidden zone" in Fig. 1 in the same diagram. They clearly separate into two sequences. The first follow the general Hδ versus Dn(4000) trend, and they are most likely E+A galaxies. Their position within the sequence depends on the fractional contribution of A stars in each given object. The second group of objects is instead located where BL Lacs are expected. This region connects the bottom right hand corner of the diagram, which is characteristic of quiescent galaxies, to the location of a featureless source, having Dn(4000) = 1 and Hδ=0. Indeed, five out of ten of them are associated with a radio source with a flux density higher than ∼ 50 mJy, which is a clear indication for the presence of non-thermal emission. We recover them as BL Lac candidates in Sect. 3.
Summarizing, the proposed tool for isolating BL Lacs from a large population of galaxies based on the Dn(4000) versus WISE W2−W3 color diagram appears to be promising, particularly for HBL objects, which are expected to populate a "forbidden zone" in this diagram. However, the presence of outliers in this region requires i) visually exploring the SDSS data to remove objects whose spectrum is contaminated by a nearby star, ii) individually checking for misidentified objects, iii) most importantly, including a further diagram formed by the Dn(4000) and Hδ indices in the analysis in order to exclude E+A galaxies.
After such an analysis we are left with only five possible contaminants to the BL Lacs population, i.e. five galaxies (out of 21 065) with a low value of Dn(4000) but lack both MIR excess and radio emission. The nature of these objects is unclear; however, due to their extreme rarity, we do not expect them to significantly affect the results of our study. 
Looking for the least luminous BL Lacs
We looked for the least luminous BL Lacs by considering the sample of 18 286 radio sources built by Best & Heckman (2012, hereafter BH12) . They combined the MPA-JHU sample with the NVSS and the FIRST surveys, the cross-matching going down to a flux density level of 5 mJy in the NVSS. We first focused on the 7302 objects they classified as radio-AGNs, separating them from the star-forming galaxies. These authors also restricted their work to radio sources within the "main galaxy sample" (Strauss et al. 2002) , comprising those galaxies with magnitudes in the range 14.5 < r < 17.77 and redshift range 0.01 < z < 0.3. The 7302 sources (hereafter the BH12-A sample) were cross-matched with the AllWISE catalog available at http://irsa.ipac.caltech.edu/ using a 3 arcsec search radius and finding 7242 counterparts 3 . Since our aim is to detect the faintest BL Lacs, we started to analyze the closest Universe, up to z = 0.1. In Fig. 3 we present the Dn(4000) versus W2−W3 plot for all objects with z ≤ 0.1 and with S/N of WISE data in the W2 and W3 bands > 2. A comparison with Fig. 1 shows that most radio galaxies are located in the same area as the MPA-JHU sample and that we are now dealing with mostly weakly active galaxies, with Dn(4000) ∼ 2 and W2−W3 in the 0.5-1.5 range, while the locus of star-forming galaxies is poorly populated. When further selecting objects with i) rest-frame EW of the main emission lines < 5Å and ii) existence of a FIRST central counterpart to exclude double sources lacking a radio core, we are left with 609 sources (Fig. 3) , only a few of which lying in the "forbidden zone".
We searched for BL Lac candidates among those selected objects whose ratio between the jet to galactic emission at 3900 Å is f > 1/3, corresponding to Dn = (Dn 0 + f )/(1 + f ) < 1.735, having adopted a Dn(4000) index for quiescent galaxies Dn 0 = 1.98 (see the previous section) 4 . The choice of the f lower limit is arbitrary, since it is a compromise between the possibility of detecting a non-thermal signature (hence distinguishing a BL Lac candidate from a passive galaxy) and the requirement of completeness. However, this assumption will be included selfconsistently in the analysis presented in the following sections. In Fig. 3 there are 12 objects with Dn(4000) < Dn max = 1.735 and at the same time below the 1-σ limit traced by the MPA-JHU sample (see Sect. 2). These are labeled with an ID number. Figure 4 shows the Hδ versus Dn(4000) diagram. If we require that Hδ is lower than the 1-σ limit traced by the MPA-JHU sample to exclude contaminating E+A galaxies (post-starburst) as explained in Sect. 2, we are left with nine sources. Their properties are listed in Table 1 . Six of them are known 5 BL Lacs with Dn(4000) ∼ 1.3-1.4, while the other three are new candidates with Dn(4000) values of about 1.7.
As an example in Fig. 5 we show a SED and SDSS spectrum of one of the selected objects, namely the BL Lac candidate ID=2440 at z = 0.076. The departure of the SDSS spectrum and WISE data from the properly normalized galactic templates highlights the reduced Dn(4000) value of the source, as well as the W3 (and W4) excess, we interpret as due to the presence of the jet emission.
Expanding the search to
The BL Lac candidates we found in the z ≤ 0.1 range have all radio flux densities greater than 18 mJy, which is well above the limit of the BH12 sample, 5 mJy. This means that we can detect similar objects at slightly higher redshifts. As a result, to improve the statistical significance of our work, we expand our search for BL Lac candidates to a three times larger space volume, i.e. to z = 0.15. We follow the same method as presented in the previous section, but we recalibrate all relationships with objects in the proper redshift range (see Fig. 6 ).
3 Actually 7271, but 29 are double identifications of which we kept only the closest object 4 Dn(4000)=1.735 corresponds to C = 0.423. 5 They are included in the catalog of blazars "Roma-BZCAT" (Massaro et al. 2009 ), available at http://www.asdc.asi.it/bzcat/. . Red circles display WISE and dereddened 2MASS flux densities. The SDSS dereddened spectrum is shown in blue. Gray lines represent two SWIRE templates of a 13 Gyr old elliptical galaxy normalized to the W2 band (solid) or to the SDSS spectrum (dotted). The departure of the SDSS spectrum from the latter template highlights the reduced Dn(4000) value of the source, while the W3 (and W4) excess appears from the comparison of the WISE data with the first template. Bottom: rest-frame SDSS spectrum with indication of the main AGN emission lines (upper labels) and galactic absorption lines (lower labels).
In the redshift range 0.1 < z ≤ 0.15, the Dn(4000) limit that corresponds to f = 1/3 is 1.713, since the average Dn(4000) value of quiescent galaxies in this redshift bin is reduced to 1.95. Our selection criteria identify 742 objects with weak emission lines. The Dn(4000) versus W2−W3 diagram (Fig. 7) is very similar to the one obtained at lower redshift, but there are more sources with weak lines in the "forbidden zone". In particular, there are ten objects with low Dn(4000), below 1.4, and well separated from the other sources. The same objects stand alone in the Hδ versus Dn(4000) plot shown in Fig. 8 .
Moreover, there are 16 other objects that are below the 1-σ limit of the mean Dn(4000) versus W2−W3 relationship. Twelve of them are also below the 1-σ limit of the mean Hδ versus Dn(4000) relationship. The SDSS image of the source with ID 3959 shows a contaminating star, so we discard it. The remaining 11 sources are BL Lac candidates.
The properties of all candidates are reported in Table 1 .
Completing the analysis of the BH12 sample
So far we only considered the 7302 objects included in the BH12-A radio-AGN sample, i.e. sources from the main galaxy sample where we excluded star-forming galaxies. We checked whether some BL Lacs could hide among the remaining BH12 10 984 objects (hereafter BH12-B sample), 10 747 of which have a WISE counterpart. If we consider all the sources with z ≤ 0.15 that meet the selection criteria discussed above, we are left with 377 objects. These reduce to 13 if we require that the position in the Dn(4000) versus W2−W3 is below the average relation defined for the MPA-JHU sample. However, one source is contaminated by a close star, two objects are QSO with mismatched redshift, one has an extremely uncertain redshift. Figure 9 shows Table 1 .
We stress that the constraint based on the W2−W3 color allowed us to remove 54 objects with rest-frame EW of the main emission lines < 5Å that would instead be selected as candidates based on the Dn(4000) index alone. Their location in the Dn(4000) versus W2−W3 diagram suggests that these objects are low-luminosity LINERs and/or Seyfert galaxies (see Fig. 1 ). Including the MIR data thus substantially improves the purity of the resulting BL Lac sample.
Properties of the selected objects
Our method allowed us to isolate 36 BL Lac objects (or candidates). A detailed analysis of each individual source is deferred to a future paper. Nonetheless, we note that among the 15 new BL Lac candidates, ten are associated with an X-ray source according to the ASDC SED builder tool 6 , supporting their identification as genuine BL Lacs. Moreover, all but one object are massive elliptical galaxies, with stellar velocity dispersion σ > 160 km s −1 , which means log(M BH /M ⊙ ) > 7.8 (Tremaine et al. 2002) , i.e. the typical hosts of radio-loud AGNs. Their radio morphologies are consistent with those characterizing BL Lacs (Antonucci & Ulvestad 1985) ; i.e., they are dominated by a compact radio core in the FIRST images, and in some cases, they also show a one-sided jet or a halo.
We derive the radio-optical 7 spectral index α ro of the nonthermal emission for our candidates by estimating the jet optical contribution from the observed Dn(4000) value; i.e.
6 http://tools.asdc.asi.it/SED/ 7 Estimated between 1.4 GHz and 3900 Å, both in the source restframe; we adopted a null radio spectral index and no k-correction is applied. where F o is the SDSS flux density (reddening-corrected) at 3900 Å. Figure 10 shows α ro versus the logarithm of the radio luminosity of the FIRST central component L r . The mean value is < α ro >= 0.49 and the standard deviation 0.08. The range of α ro covered by our objects overlaps that of the BL Lacs analyzed by Sambruna et al. (1996) , Padovani et al. (2003) , and Donato et al. (2001) , going from ∼ 0.2 to ∼ 0.75. Figure 11 shows the location of our BL Lac candidates in the WISE color-color diagram. They follow a sequence, starting from the region where passive elliptical galaxies are located (e.g., Wright et al. 2010; Raiteri et al. 2014) , and moving toward the so-called "WISE blazar strip" identified by Massaro et al. (2011) . We also show tracks corresponding to the addition of a power-law emission component F ν ∼ ν −α of increasing strength to a z = 0.1 elliptical galaxy flux. These tracks were obtained starting from the 13 Gyr elliptical galaxy template of the SWIRE Template Library 8 (Polletta et al. 2007) for different values of α in the range 0-1. They cover the region where most of our can- didates are found. This supports the presence of a power-law emission component in the MIR bands, whose relative weight increases at longer wavelengths.
Overall, the properties of our candidates are reassuringly consistent with those of classical BL Lacs. Figure 12 shows the radio luminosity distribution of the FIRST central component, L r , for the 36 BL Lacs identified with our method. They extend up to log L r ∼ 41.5 erg s −1 . The number of BL Lac candidates rapidly increases toward lower L r , reaching a peak at log L r ∼ 40.5 erg s −1 and then falls. This drop can be due to a genuine paucity of low-luminosity objects or, alternatively, Fig. 11 . WISE color-color diagram for the BH12 sample with S/N(W3) > 2 and z ≤ 0.1 (gray dots). Red filled circles represent our BL Lac candidates in the same redshift range. The black tracks indicate the sequence followed by objects where a powerlaw component F ν ∼ ν −α of increasing strength is added to the emission of an elliptical galaxy, represented by the black dot. This was derived from the SWIRE template of a 13 Gyr elliptical galaxy at z = 0.1. Different tracks correspond to different values of α in the range 0-1. to a decrease in the completeness of our sample. Before deriving the BL Lac radio luminosity function (RLF), we must consider the selection effects included in the various steps described in Section 3.
Completeness of the low-luminosity BL Lacs sample

Completeness of the NVSS-SDSS sample
From the point of view of the radio completeness, BH12 included the sources with a NVSS flux density larger than 5 mJy. The vast majority of our selected BL Lac candidates have fluxes that are much larger than this limit, an indication that the flux threshold does not have a significant impact on our results. Nonetheless, we include the radio flux limit in the simulations presented in Sect. 5.
As for the optical selection of the sample, according to Montero-Dorta & Prada (2009) the redshift completeness of the SDSS decreases with decreasing apparent magnitude, starting from ∼ 90% at the SDSS spectroscopic limit of r = 17.77 and reaching ∼50% at r = 11.75 (see Fig. 13 ). Most of the incompleteness is due to the SDSS fiber cladding that prevents fibers on any given plate from being placed closer than 55 ′′ apart. This does not introduce a bias into the sample, but leads to a random loss of ∼ 10% (Zehavi et al. 2002) of the potential spectroscopic targets. For brighter (and more extended) objects, other effects become important, such as the superposition of bright saturated stars on the target.
Although the radio-loud AGN (RL-AGN) hosts are very luminous galaxies, it is important to assess their completeness level from the point of view of the SDSS spectroscopy. In Fig.  13 we show the distribution of r band magnitudes of the galaxies in the BH12-A sample with 0.05 ≤ z < 0.15. The distribution peaks at r ∼ 16.2, and it rapidly falls on both sides. The number of objects is essentially reduced to zero before reaching the high and low magnitude limits imposed by their selection in the SDSS main galaxies sample (r=17.77 and 14.5, respectively). This indicates that the selected sample of galaxies is complete.
Conversely, very nearby (and bright) galaxies might fall in the region of low completeness at low magnitudes. We then prefer to set a more stringent lower limit of z = 0.05 on the galaxies considered. From the point of view of the BL Lac candidates, we discard only one of them (ID 1936) , while from the point of view of the volume sampled, this is reduced by just 4%.
Check on the WISE constraints
Could our requirements on the existence of a WISE counterpart and/or on the quality of WISE data affect the BL Lac candidates count? Among the 60 sources in the BH12 AGN sample without a WISE counterpart, there are no objects meeting our criteria to be considered BL Lac candidates: EW less than 5 Å, existence of a FIRST counterpart, and Dn ≤ Dn max . If we consider the 445 sources with S/N(W3)≤ 2 in the BH12-A sample, only three objects meet the selection criteria. However, the low quality of the overall multiband dataset for these sources suggests that we should not include them among the BL Lac candidates. In fact, not only are the WISE data very uncertain, but the optical indices also have large errors. We verified that among the 237 objects in the BH12-B sample without a WISE counterpart or with low S/N(W3), there are no BL Lac candidates.
Are there BL Lacs outside the forbidden zone?
The selection method we propose is based on the idea that the BL Lacs are found in the "forbidden" zone, while other radio emitting galaxies are located along a well-defined locus in the Dn(4000) vs. W2−W3 plane. However, there is the possibility that some BL Lacs follow this same sequence. Indeed, the simulated tracks presented in the right hand panel of Fig. 1 indicate that the objects with a spectral index in the MIR -optical bands 1 overlap with this region. We then consider those sources that meet the same requirements as the ones used to select BL Lacs objects (rest-frame EW of the emission lines < 5 Å and existence of a FIRST central counterpart) and that are located in the "wedge" region of the Dn(4000) vs. W2−W3 plane. This is the region below the Dn(4000) limit but above the polynomial fit to the 1 − σ limit of the relationship derived for the MPA-JHU sample (see Fig. 3 ). We find 54 sources, 22 of which have 0.05 ≤ z < 0.15. When discarding the E+A galaxies, their number is reduced to ten. Five of them are spiral galaxies, not the typical BL Lac hosts, and they are most likely low-luminosity AGNs. The remaining five are elliptical galaxies: while one is a BZCAT object (probably a genuine BL Lac), the nature of the other four is highly uncertain. Their compact radio morphology does not provide us with any useful information. We list these objects in Table 2 . They have Dn(4000) values of 1.6-1.7 and W2 − W3 colors in the range 1.7-2.1; i.e., they are all concentrated in a small portion of the "wedge" region, close to its apex. Their radio luminosity ranges from log L r ∼ 39.5 to 40.3 [ erg s
−1 ], see Fig. 12 , and their α ro goes from 0.44 to 0.57 (see Fig. 10 ). 
An external completeness test: the BZCAT
We here assess the completeness of our sample against the compilation of BL Lac objects (or candidates) included in the multifrequency catalog of blazars Roma-BZCAT. The edition 4.1.1 (August 2012) contains 3149 blazars, 1221 of which are BL Lac objects or candidates (BZB), and 221 are blazars of uncertain type (BZU). Such objects have been selected with different methods and from observations in various bands. The comparison might unveil the presence of bias in our selection method. Details on the cross-match between the BZCAT sources and our sample are given in Appendix A. In summary, in the 0.05 < z ≤ 0.1 redshift range, the comparison between the BH12 sample and BZCAT suggests that we did not miss any object because of our selection method. We only lost 3 objects out of 18 because of fiber collision, which does not, however, introduce any bias into the sample but only a lower effective sky coverage.
Moving to higher redshift, we recover all BZB and lineless BZU with the exception of six objects: two are bright featureless sources that are not included in the BH12 sample because they are tagged as "STAR". We consider them in the RLF discussion. One object was instead missed because it lies in the "wedge" region of our Dn(4000) versus W2−W3 diagnostic plane. As shown in Fig. 1 , this is the region populated by sources with MIR-optical spectral index α ∼ 1, so likely LBL objects. Finally, three were discarded by our method because of a high Dn(4000) value, between 1.95 and 2.01. However, two of them also have WISE colors that are typical of quiescent galaxies, W2−W3 = 0.76 and 0.39, respectively. For one of them, as detailed in the Appendix, we have strong evidence that it might be an incorrect identification.
BL Lac selection function
As discussed in Sect. 3, the main requirement for including an object belonging to the NVSS-SDSS sample in our candidates list is a flux contribution from the non-thermal jet component, F j,o , of at least one-third of the galactic one at 3900 Å (rest frame).
To estimate how this criterion is reflected in the selection function at different values of radio luminosity, we ran a Monte Carlo simulation. In each L r bin, we extracted 100 000 objects with: i) a random distribution in redshift between 0.05 < z ≤ 0.15, properly weighting for the appropriate volumes and assuming a constant source density with redshift, to derive the corresponding radio flux; objects with radio flux density below the 5 mJy threshold of the BH12 sample are discarded; ii) a random spectral index α ro (see below for a detailed discussion on this parameter) that leads to an estimate, for each object, of the expected jet optical emission F [ erg s
iii) a random value of the flux density at 3900 Å (rest frame) with average and dispersion measured from the sample galaxies divided in redshift bins of 0.01. In Fig. 14 we show the distribution of radio versus optical fluxes into two redshift ranges.
For each object we tested whether the ratio between jet and galactic optical emission is above the f = 1/3 threshold. The fraction of objects expected to be selected as BL Lac candidates as a function of radio luminosity can finally be derived.
The assumption on the distribution of the radio-optical spectral index is the key to this simulation. In Sect. 3.3 we estimated a mean value of < α ro >= 0.49 ± 0.08. However, our results might be plagued by selection effects, since high α ro objects of low radio luminosity could escape detection in the optical band. To assess how robust our estimates are, we compared them to those available in the literature. The average spectral index of the (radio-selected) 1Jy sample of BL Lacs is < α ro >= 0.59 with a dispersion of 0.10 (Sambruna et al. 1996) . Adopting their average α ro for the simulation, we obtain the selection function reproduced as the blue curve in at least above this threshold, the BL Lacs sample we selected is very close to completeness and that the distribution of α ro is not significantly affected by selections biases. Its average, < α ro >= 0.53 ± 0.08, can be considered as a robust value. The selection function obtained by adopting this value is shown in Fig. 15 . The 1 Jy objects are, in general, much brighter than the BL Lacs we are considering, with radio luminosities reaching ∼ 10 45 erg s −1 . If we limit to the 1 Jy sources with L r < 10 43 erg s
we obtain < α ro >= 0.52±0.09, which agrees remarkably with the value quoted above, while the average α ro for those with L r > 10 43 erg s −1 is 0.65±0.08. These results suggest there is a trend between α ro and the radio luminosity, as expected from the so-called "blazar sequence" (Fossati et al. 1998 ). This would account for the (slightly) lower average value we find for our LPBL sample. Indeed, the sources of the 1 Jy sample (limiting to the 22 with measured redshift) show a linear correlation between α ro and L r , with a slope of 0.06. The Spearman rank correlation test returns a probability of only 2% that the two variables are not correlated. We therefore repeat the simulation by adopting the observed distribution of spectral indices; i.e., < α ro >= 0.49 (Fig. 15) . The selection function obtained with this assumption differs only marginally from what is derived for < α ro >= 0.53, with a horizontal shift of only ∼0.2 dex.
The BL Lacs luminosity function
Several studies have dealt with the determination of the BL Lacs RLF. In all cases, the approach was based on flux-limited samples. In our study, instead, we consider an essentially volumelimited sample, because the radio, optical, and MIR flux limits do not represent a significant constraint in our selection. The advantage of this method is twofold: all objects have a known redshift, and they are all within a very limited range, so that evolution can be neglected.
We can then derive the BL Lacs RLF by simply dividing the number of detected objects by the total volume covered, recalling that the intersection between the spectroscopic DR7 and FIRST covers 17.3% of the whole sky. By also considering the effects of fiber cladding, this results in a volume of 0.158 Gpc 3 from z = 0.05 to z = 0.15. We convert the radio luminosity distribution shown in Fig. 12 (including the 35 candidates with Fig. 16 . RLF at 5 GHz of the selected BL Lac candidates (black histogram). The gray histogram shows the effects of including the five objects located in the "wedge". The results from Padovani et al. (2007) are in red, while blue dots refer to the work by Marchã & Caccianiga (2013) for "classical BL Lacs". We also report (as plus signs) three points at low luminosity of the Marchã & Caccianiga RLF for "Type 0" AGNs. The green line is the RLF normalized to match the number of objects of our sample with log P r > 23.8 [W Hz
−1 ], after having adopted the same slope of Marchã & Caccianiga (2013) . 0.05 < z ≤ 0.15 and the two objects tagged as "STAR") by dividing the number of objects by the radio luminosity, the selection function, and the total volume. The errors on the RLF have been estimated by combining Poisson statistics with the uncertainties related to the selection function 9 . The result is shown in Fig. 16 . To ease the comparison with previous studies, we present the ra- Fig. 17 . Observed number of BL Lacs (black solid line) versus radio power. The blue histogram represents the predicted number of objects in our volume extrapolating the RLF derived for our sample to low radio luminosities (green line in Fig. 16 ) and multiplied by the selection function (red line in Fig. 15 ). The gray histogram shows the effects of the inclusion of the five objects located in the "wedge". The red histogram displays the same quantity as for a RLF with B = 1.75 and with a break at log P r = 24.5 [W Hz −1 ], below which the RLF slope is B1 = 0.
dio luminosities in both cgs and MKS units and assume a zero radio spectral index to convert from 1.4 to 5 GHz .
We can compare our results on the RLF with those obtained by previous works and, in particular, with Padovani et al. (2007) and Marchã & Caccianiga (2013) . We assume a RLF in the form of a power law, Φ(P r ) ∝ P −B r . Since our sample covers a limited range of radio luminosities, we refrain from calculating the RLF slope. If we adopt a power-law slope of B = 2.31 as in Marchã & Caccianiga (2013) for "classical" BL Lacs, we can calculate the normalization of our RLF so that the integrated RLF returns the number of observed objects above log P r = 23.8 [W Hz
−1 ], the range of powers common to both studies. This is displayed in Fig. 16 10 . The comparison shows very good agreement with the results obtained by Marchã & Caccianiga for BL Lacs and a mismatch between our RLF and the Padovani et al. one by a factor ∼ 3.
The main aim of our study is to isolate and analyze the least luminous BL Lacs. Indeed, we detected candidates down to log P r ∼ 23 [W Hz
−1 ]. We defer a detailed study of the individual objects and of their SED to a future paper. Here we want to address the behavior of their RLF in a poorly studied regime of low radio power. The only study reaching these luminosities is from Marchã & Caccianiga (2013) : they consider not only classical BL Lacs but also the objects they defined as "Type 0" and "weaklined" AGNs. Their space density is substantially higher than for our BL Lac sample, with, say, about ten times more Type 0 AGNs than BL Lacs between log P r = 23.5 and 24.0 [W Hz
−1 ]. However, recent studies have shown that the dominant population of radio galaxies in the local Universe is formed by the so-10 Had we used B = 2.12 as derived by Padovani et al. (2007) , we would have obtained a difference of only 0.08 dex at log P r = 24.5 called FR 0 sources (Baldi & Capetti 2010; Sadler et al. 2014; Baldi et al. 2015) . Their lines EW are generally low (more than 80% showing values lower than 5Å, R. Baldi, private communication). Moreover, they are generally sources with a high core dominance and, for this reason, often flat spectrum radio sources. As explained by Baldi et al. (2015) the deficit of extended radio emission is an intrinsic property of FR 0, and it is not due to a beaming effect of orientation, as in the case of BL Lacs. In other words, a significant fraction of the FR 0 population conforms to the definition of Type 0 and weak-lined AGNs. Therefore, the association of all Type 0 and weak-lined AGNs with LPBL might not be justified.
We estimate the predicted number of LPBL in our volume by extrapolating the RLF derived above to low powers, taking our selection function into account (see Fig. 15 ). The result is shown in Fig. 17 , where we compare the observed and predicted number counts. A large disagreement emerges, where the difference is a factor of ∼ 10 already at log P r ∼ 10 23.75 W Hz −1 (i.e., log L r ∼ 40), where our selection function is high (around 70%) enough to make this result robust.
We then consider the possibility of a break in the RLF occurring at P break . Furthermore, it appears that also at high luminosities the slope might be less than the value of 2.31 adopted. We are not in the position of accurately determining all parameters describing the RLF with the available data. Nonetheless, in Fig.  17 we show an illustrative example of a RLF with B = 1.75, a break at log P break = 24.5 [W Hz
−1 ], and a slope below the break B1 = 0, which fairly matches the observed counts at all luminosities. This result is effectively independent of the assumption used for the radio-optical spectral index: had we used the average value derived for the 1 Jy sample, the break luminosity would have decreased by just a factor ∼ 1.7.
Values of B1 below 1, as suggested by this analysis, correspond to BL Lacs number counts growing with luminosity up to P break , implying the existence of a peak.
6.1. The BL Lac RLF and the AGN unified model.
According to the AGN unified scheme, the RLFs of BL Lacs and RL-AGNs are expected to be linked to each other. In fact, blazars are thought to be the beamed version of radio galaxies (see, e.g., Urry & Padovani 1995) . The effect of relativistic beaming on the RLF was analyzed in a series of papers by Urry & Shafer (1984) , , , and Urry & Padovani (1995) . If the RLF of the parent population of unbeamed objects is described by a broken power law, the break will produce a change of slope in the BL Lac RLF at a power amplified by ∼ δ 3 max , where δ max is the maximum value of the jet Doppler factor distribution 11 . The RLF of RL-AGNs extending to the lowest value of radio luminosity has been obtained by Mauch & Sadler (2007) , covering the range log P r = 20.4 − 26.4 [W Hz
−1 ]. At low luminosities, the RLF does not significantly depart from a power law, and their results suggest that any break must be located below log P r ∼ 21.6 W Hz −1 , where the limited number of observed objects makes the RLF shape uncertain. On the other hand, the number density of radio emitting AGNs cannot exceed that of their potential hosts: this argument has been used by Capetti & Raiteri (2015) , requiring a minimum black hole mass 11 The Doppler factor δ is defined as δ = [Γ(1 − β cos θ)] −1 , where Γ = (1 − β 2 ) −1/2 is the bulk Lorentz factor, β is the velocity in units of the speed of light, and θ the viewing angle. The exact value of the δ exponent depends on the geometry of the emitting region.
of log (M BH /M ⊙ ) > 7.5 for the host of RL-AGNs. With this approach they found that the break in the RLF of RL-AGNs must be located at P r > ∼ 10 20.5 W Hz −1 . The ratio between the break powers in the RLFs of BL Lacs and RL-AGNs is a factor ∼ 10 3 − 10 4 . If adopting p = 3, this suggests a value of the Doppler factor δ max ∼ 10 − 20, consistent with the typical results from the observations and the model predictions (e.g., Ghisellini et al. 1993; Savolainen et al. 2010 ).
Summary and conclusions
In this paper we presented a new strategy for recognizing BL Lac objects, based on the combination of optical indices derived from the SDSS spectra with MIR colors from the AllWISE survey. This enabled us to separate BL Lac objects from lowluminosity AGNs and star-forming galaxies. Our method is particularly useful for identifying LPBL, where the traditional optical non-thermal signature is reduced thanks to the dominant host-galaxy emission. We applied it to the sample of 18 286 radio sources selected by BH12 by combing the SDSS DR 7 spectra with the NVSS and FIRST surveys. We showed that in the Dn(4000) versus W2−W3 plane, BL Lacs fall in a region (defined as "forbidden zone") that is scarcely populated by the general galaxies population. The main contaminants are the A+E (post-starburst) galaxies that can be easily removed with the aid of their characteristic pronounced Balmer absorption lines. When considering low luminosities, the use of the Dn(4000) index alone is not sufficient to obtain a clean sample. In fact, the constraint based on the W2−W3 color allowed us to remove 54 objects (most of which are low-luminosity LINERs and/or Seyfert galaxies) that would instead be selected as BL Lac candidates. Including the MIR data thus substantially improves the quality of the resulting BL Lac sample.
We isolated 36 BL Lac candidates up to z = 0.15. All but one are associated with luminous elliptical galaxies with radio powers ranging from log L r = 39.2 to 41.5 [ erg s
−1 ]. Fifteen of the selected objects are new identifications, most of which have an X-ray counterpart.
We discussed various issues concerning our sample completeness. The radio flux threshold does not have a significant impact on our results. As for the optical selection, most of the expected RL-AGN hosts are included in the MPA-JHU catalog. The only exceptions are the low-luminosity tail close to the upper redshift boundary and the most luminous galaxies located at very low redshift. We then set a more stringent lower limit of z = 0.05 on the galaxies considered. We used the BZCAT for an external check of our results. We recovered all the known objects in the catalog up to z = 0.1, while we lost less than 10% of them in the 0.1 < z < 0.15 range. In particular, only two very bright BL Lacs are lost because of their point-like appearance, which caused these objects to be misclassified as "STAR" in the SDSS. We also tested the effects of the criterion based on the W2−W3 threshold. Out of the 54 sources mentioned above, we find five objects that conform to the general properties of BL Lacs (since hosted in elliptical galaxies and having low lines EW). However, they are of uncertain nature because they lie in a region of the W2−W3 vs. Dn(4000) plane populated by other classes of AGNs.
We simulated the selection function of BL Lacs within our sample. The key ingredient is the assumption on the distribution of the radio-to-optical spectral index for which we adopted the values derived from our candidates. Since they agree with those found in the literature, our results are not significantly affected by selections biases. The sample completeness reaches ∼ 50% at log L r ∼ 39.7 [ erg s
−1 ]. The selected BL Lac candidates were used to explore the BL Lacs RLF at low radio powers. Since we are dealing with an essentially volume-limited sample at low redshift, we can neglect evolutionary effects on the RLF. This can be obtained simply by counting all objects at the various radio luminosities within the considered volume. We found good agreement with the results by previous authors for log P r > 24.5 [W Hz
−1 ]. However, we found a dramatic paucity of LPBL with respect to the extrapolation of the BL Lacs RLF, a result that is altered neither by the inclusion of the five potential BL Lacs nor by the uncertainties on the selection function. This occurs well above the power at which our selection function falls significantly and requires a break in the RLF. We estimated that the break is located at log P r ∼ 24.5 [W Hz
−1 ]. The slope of the RLF below the break is consistent with a zero value, implying the presence of a peak in the number density distribution of BL Lacs.
In the framework of the AGN unification scheme, BL Lacs are the beamed counterparts of low-power RL-AGNs, so that a link between their RLFs is expected. In particular, a low-power break in the parent population translates into a change in slope in the RLF of BL Lacs. Indeed, there is evidence of a lowluminosity break in the RL-AGN RLF located about three to four orders of magnitude below what we found for BL Lacs. This corresponds to a maximum Doppler factor of ∼ 10 -20, in agreement with the observations and model predictions.
In the near future, we plan to do a detailed analysis of the whole BL Lac candidate sample derived in this paper with two aims: i) to confirm their nature as genuine BL Lacs and ii) to characterize their broad-band properties. In particular, we need to obtain high-resolution radio data in order to isolate their nuclear emission and X-ray data to explore the high-energy nonthermal emission.
Nine of them are in our survey area, but two lack spectra because of fiber collision. The other seven have strong emission lines.
In the redshift range 0.1 < z ≤ 0.15, we found 59 BZB in BZCAT, 26 of which are located in the area covered by both the spectroscopic DR7 and FIRST. When excluding three objects that have no spectrum because of fiber collision and one object whose spectrum has a defect in the Hα region, we are left with 22 sources, 15 of which belong to the BH12 sample. The other seven are lost because: -one object has no spectrum because it is too faint, but we know from BOSS that it is a spiral galaxy; -three are featureless objects whose SDSS redshift is higher than 0.15; -one is a strong-lined object reaching an EW of ∼ 10 Å; -two (BZBJ0809+5218 and BZBJ1221+2813-W Comae) are classified as "STARS" in the SDSS and thus do not enter in the main galaxy sample analyzed by BH12; they have featureless spectra, and log L r = 41.11 and 41.54, respectively.
Among the 15 sources included in the BH12 sample, 13 are in our list of BL Lacs candidates, while two sources (BZBJ0810+4911 and BZBJ1404+2701) were not selected by our method because of a high Dn(4000). They have log L r = 39.50 and 40.39, respectively. The first one was identified as a BL Lac because of γ-ray emission detected by the EGRET instrument on-board the Compton Gamma-Ray Observatory, but it is not present in the third Fermi Large Area Telescope source catalog. Furthermore, Liuzzo et al. (2013) did not detect it with the VLA at 8.4 GHz, so we consider it a dubious association.
The above analysis leads to the conclusion that in the 0.1 < z ≤ 0.15 redshift range, our selection method recovered all BZB but two sources characterized by a high Dn(4000) value. Another two objects were lost because they are so bright that they are not classified as galaxies and so do not enter the BH12 sample. Another four objects lack complete spectral information.
Among the BZU, there are 23 objects in BZCAT at 0.1 < z ≤ 0.15, 14 that are in the region covered by both the spectroscopic DR7 and FIRST. One object has no spectrum because of fiber collision, two have strong emission lines, 11 are in the BH12 sample, but only three have rest-frame EWs less than 5 Å and only one, BZUJ0936+0509, is selected by our method (Table  1) . The other two are BZUJ0820+4853 and BZUJ0948+5535. The former was discarded because of a high Dn(4000) of 2.01, while the latter lies in the "wedge" region of Fig. 7 . They have log L r = 40.65 and 40.12, respectively.
The analysis of the BZU in the 0.1 < z ≤ 0.15 redshift range thus reveals that our methods did not recover two sources out of 14. One other object was missed because of fiber collision.
